ABSTRACT This paper introduces the concept of the sparse array into the design of a wide-angle scanning phased array to obtain the low sidelobe level (SLL). The adopted array element is a half-mode substrate integrated waveguide slot array, which can radiate a high-gain and wide-beam pattern in the E-plane. A 16-element phased array with an optimized non-periodic array element arrangement, which is obtained by a semi-full-wave simulation-based synthesis method, is designed and studied. Compared with two periodic arrays with the same array element and element number, the sparse one exhibits the advantage of low SLL. Besides, the designed phased array has an ultra-low profile of only about 0.017λ 0 . A prototype is fabricated and measured, and measured results show that the proposed array can scan its main beam from −70 • to +70 • with a realized gain higher than 18.2 dBi and peak SLL lower than −15 dB.
I. INTRODUCTION
Phased arrays have been studied for several decades due to their adaptive beamforming by adjusting the input phase. In summary, phased arrays have some unique features of fast wide-angle scanning without moving the antenna, graceful degradation in performance over time, distributed aperture, multiple beams and potential for low radar cross section [1] . As one of the branches, planar phased arrays have got great interest because of their attractive characteristics such as planar structure, low cost, low profile, and ease of fabrication. However, broadening the beam scanning range of a planar phased array is a strong challenge [2] .
In previous researches, many solutions have been suggested. For instance, planar arrays based on the image theory [3] - [5] and surface-wave assisted arrays based on the high-impedance surface (HIS) [6] , are investigated as efficient wide-scan methods. These designs are capable of broadening the element radiation beamwidth. Recently, pattern
The associate editor coordinating the review of this manuscript and approving it for publication was Lu Guo. reconfigurable elements, which can change the antenna radiation pattern by adjusting the current distribution with other antenna characteristics unchanged, are introduced into the design of wide-angle scanning arrays [7] - [9] . However, there is a common problem in these methods, namely the trade-off between the sidelobe level (SLL) and the realized gain. In [3] - [6] , in order to avoid unnecessary grating lobes, the inter-element distance is selected much less than the half free-space wavelength, which results in low array gain due to the small radiation aperture. The inter-element spacing of the designs in [7] - [9] can be chosen larger than the half free-space wavelength and high array gain can be obtained. Nevertheless, high sidelobe would generally emerge in these cases. Thus amplitude tapering is often utilized to reduce the SLLs, which results in poor total efficiency.
These above solutions are mainly realized with special elements, such as the wide-beam and joint wide-beam antennas. Based on the traditional principle of pattern multiplication, the array factor is also an important part to determine the array performance besides the element factor. It is well known that aperiodic arrays have the potential ability to realize low SLL [10] - [18] . Therefore, it is feasible to introduce the concept of the aperiodic array into designs of wide-angle scanning phased arrays. In [19] , a weighted and thinned linear array based on pattern reconfigurable elements, which can scan its main beam from −60 • to +60 • in the elevation plane, was presented. The SLL is efficiently reduced but still higher than −10 dB in the high-elevation area. Reference [20] adopted the concept of random subarrays and designed a dual-band wide-angle scanning phased array. The designed array has a SLL lower than −10 dB for all the scanning angles. However, the amplitude-phase synthesis is used.
In this work, a high-gain and low-profile phased array with wide-angle scanning and low SLL is presented. Firstly, a halfmode substrate integrated waveguide (HMSIW) slot array antenna with wide beam and high gain is designed as the array element. Secondly, a semi-full-wave simulation-based synthesis method is presented. Based on the minimum inter-element distance which is determined to obtain low mutual coupling (MC) between adjacent elements, the element locations are then optimized to realize the SLL reduction. Finally, the designed phased array is presented, and it is compared with two periodic arrays with the same array element and element number to validate the sidelobe reduction function of the sparse array structure. The proposed array is simulated, fabricated and measured, and the measured results validate the wide-angle scanning, low-SLL and high-gain performance.
II. HMSIW SLOT ELEMENT DESIGN AND ANALYSIS
Generally, there are three noteworthy features of the design of a wide-angle scanning phased array, namely, the broadbeam element, low mutual coupling effect and small element distance to avoid grating lobes. In this design, the first feature is realized through a HMSIW slot element whose radiation performance would be extensively studied in this section. The second one is realized with a selected minimum inter-element distance and the ultra-thin array structure, the former makes the mutual coupling between adjacent elements be lower than −20 dB and the latter leads to a low surface-wave coupling. The last restrictive condition can be eliminated with the sparse array structure which is able to realize low sidelobe by optimization. The geometry of the proposed HMSIW slot element is shown in Fig. 1 
, and H 0 = 1mm. . 2 illustrates the simulated E-field distribution on the rectangle patch. It can be seen that a fundamental quasi-TE 0.5,0 mode is excited in the HMSIW [21] - [23] . Note that, compared to the full-mode SIW, the HMSIW has a half size in the x direction. This means in the array environment, the HMSIW slot element has a compact size and low mutual coupling with a certain inter-element distance. The simulated and measured reflection coefficients of the HMSIW slot element are shown in Fig. 3 . The measured results agree well with the simulated ones. It can be seen that the HMSIW slot element can work at 5.8 GHz with a good impedance match.
The slots are etched to generate equivalent magnetic currents. It can also be observed from Fig. 2 that the electric filed in the radiation slots goes from one long side to the other side. According to the principle of equivalence, for each slot, the electric field in the slot can be equivalent to magnetic current
where n z is the unit vector in the z direction, and E y is the electric field in the slot. Furthermore, with respect to the E-field distribution shown in Fig. 2 , the equivalent magnetic current in the slot can be assumed to be
where n x is the unit vector in the x direction, M 0 is the magnetic current amplitude, and δ(y, z) is the three-dimensional delta function. Then, the electric vector potential generated by the magnetic current source can be calculated by
and thus the far-field electric field can be given as
Therefore, the far-fields radiated from one slot can be calculated by Finally, if the electric field in each slot is assumed to be transverse with a distribution which is equiphase and cosinusoidal in amplitude and the internal higher order mode coupling between adjacent slots is ignored, the total far fields of the proposed HMSIW slot element is a superposition of the radiations of four magnetic currents as shown in Fig. 4 [24] . Note that the upper magnetic currents are the equivalent two in the slots as shown in Fig. 1(a) , and the lower two are their imaginary currents. Fig. 5 depicts the calculated, simulated and measured normalized radiation patterns of the HMSIW slot element. In the yoz plane, the calculated results indicate that the element has a wide beam, and the simulated and measured results validate that the 3-dB beamwidth is wider than 130 • . Note that the difference between the calculated, simulated and measured results may mainly because of the infinite ground size and the edge effects. The measured realized gain of the element is 9.5 dBi, which makes the element have the potential for the design of a high-gain phased array. 
III. SPARSE PHASED ARRAY DESIGN
The main purpose of using the sparse array structure is to reduce the sidelobes of the scanning beams. It is reported in [16] - [18] that the sidelobes should be bounded by the peak SLL at the furthest scan angle when the array beam is steered between broadside and the maximum scan angle. This conclusion is proved for the first time by using the Poisson sum formula in this paper. For simplicity, only the array factor in the absence of the MC effects is considered. Assuming an sparse linear array with N elements, the radiation pattern can be given by
A n e j(kd n sinθ−ϕ) (6) where A n and ϕ n are, respectively, the current amplitude and phase in the nth element, d n is the element position of the nth element. By using Fourier transform, (6) can be converted as [25] , [26] 
VOLUME 7, 2019
here E 0 (u) represents the main beam and E i (u), i =0 represents the grating lobes. Thus the greatest grating lobe is
It can be found from (8) that GF(θ) increases with the increase of the phase difference ϕ v ) between the vth element and the first element, which means a larger phase difference would result in a higher SLL. In other words, the generated SLL increases when a phased array scans from the broadside direction to the high-elevation angle. This conclusion is consistent with that reported in [11] - [13] . In the array synthesis, the main-beam direction can be fixed as a value which is a little higher than the maximum scan angle (here chosen as 75 • ). The proposed synthesis method shown in Fig. 6 starts from an initial periodic array with a inter-element distance of d = 0.75λ 0 . Full-wave simulation is used to obtain the active element patterns (AEPs) but only performed for the array layout before the optimization. In the optimization, element position perturbations are used to realize a new array structure and d always retains between 0.45λ 0 and 1.5λ 0 . The purpose of that the minimum inter-element distance is selected as 0.45λ 0 is to generate low MC between the elements. Besides, the above simulated AEPs are still implemented for the array elements in the optimization. Particle swarm optimization (PSO) algorithm is adopted for the array structure optimization. Next, the newly generated array layout is simulated and the SLLs can be obtained. If the simulated SLLs in the pattern mask are all lower than a target value SLL 0 (here selected as −15 dB), then the final array configuration is realized. Otherwise, the AEPs of current array layout are updated from the simulation as decried above, and the iteration continues to reach convergence. The full-wave simulation is not always performed in the optimization, which greatly reduces the computation burden and time. In addition, the MC effects are included in the synthesis. In the PSO, the acceleration coefficients c1 and c2 are both chosen as 2. After the synthesis, a 16-element sparse linear array is generated. The element locations of the optimized array layout is shown in Table 1 , and an array prototype is fabricated as shown in Fig. 7 . It can be found that most of the inter distances are the minimum inter spacing (0.45λ 0 ), and a few elements are optimized with a large inter distances (the largest one is 1.5λ 0 ) away from their adjacent elements. It should be noted that any element antennas, which satisfy three noteworthy features of the design of a wide-angle scanning phased array (the broad-beam element, low mutual coupling effect and small element distance to avoid grating lobes), can be chosen for the array element. The sparse design method can be applied to any wide-angle scanning phased arrays.
IV. EXPERIMENTAL SPARSE ARRAY PERFORMANCE A. REFLECTION AND ISOLATION PERFORMANCE
Firstly, the array element reflection performance and the array active reflection performance are measured and studied to illustrate that the MC between the array elements are quite low and no scan blindness appears in a wide-scan range. These S-parameters are measured using an AV3618 Vector Network Analyzer.
Due to the non-periodic array structure, Fig. 8 shows the measured isolated reflection coefficients of all the array elements and the isolation between all the adjacent elements. From the measured results, all the elements is able to operate at 5.8 GHz with low reflection. In addition, the MC between arbitrary two elements can be deduced to be lower than −19.3 dB. It is worth noting that the low profile benefits for the low MC, because the surface-wave coupling is generally strong in a thick substrate.
Another important factor which can explain the no-scan blindness property of the phased array is the active reflection coefficient. when the phased array scans to θ 0 , the active reflection coefficient of the mth element can be written as [21] 
where S mn is the (m, n)th element of the scattering matrix, x m and x n are the positions of the mth and nth element, k 0 is the free-space wavenumber, and θ 0 is the current scanning angle. Fig. 9 plots the calculated active reflection coefficients of elements 4, 8, 9 and 12. At 5.8 GHz, the reflection always retain lower than −10 dB when the phased array scans in a range from −70 • to +70 • . It can be construed that the beam scanning up to a maximum angle of ±70 • can be still realistically expected from the designed array and no scan blindness appears.
B. BEAM SCANNING PERFORMANCE
Secondly, the array scanning patterns are measured and the wide-scan ability is studied. AEPs of all the elements are measured in an anechoic chamber to calculate the far-filed scanning patterns. As shown in Fig. 7 , a standard-gain horn is used as the receiver and the phased array is the transmitter. The radiation pattern of the whole array can be calculated as a superposition of the AEPs of all elements, which is given as
where E n is the AEP of the nth element, W n and φ n represent the input amplitude and phase, respectively. The measured AEPs of Elements 4, 8, 9 and 12 are shown in Fig. 11 . It can be seen that all the AEPs exhibit wide-beam and high-gain performance, which are suitable for designs of high-gain and wide-angle scanning phased arrays. Compared with the single element patterns shown in Figure 5 , the measured AEPs also have wide radiation beams and high gains. Besides, the cross-polarization components of the measured AEPs are a little higher (less than 1.5 dB) than those of single element patterns.
The measurement-based calculated results with uniform input amplitudes and linear input phases are depicted in Fig. 10 , from which the calculated ones agree well with the simulated ones. It can be concluded that the phased array supports a main beam coverage from −70 • to +70 • . When the scan angle increases, the realized array gain drops from 21 to 18.2 dBi. In the array scanning range, the peak SLL is always lower than −15 dB. Detailed array scanning characteristics including the realized gain, peak SLL and half-power beamwidth (HPBW) are listed in Table 2 .
Scanning characteristics comparisons between the designed sparse array and two periodic phased arrays are listed in Table 3 . Note that the Periodic arrays 1 and 2 represent periodic linear arrays with inter-element distances of 0.45λ 0 and 0.75λ 0 , respectively. Compared with Periodic array 1, the designed array has a 5-dB-lower peak SLL, and its peak gain and scanning range have a little advantage. In terms of the scanning performance of the designed array and Periodic array 2, the former one has great advantages in the scanning range and peak SLL at the expense of the peak gain. In summary, the sparse array layout is advantageous to realize the low-SLL performance in the wide-angle scanning range. [19] , [20] , and [27] .
Also, a detailed comparison between the proposed phased array and those in [19] , [20] , and [27] are shown in Table 4 . Designs in [19] and [27] are based on pattern reconfigurable elements (PREs) and those in [20] and this paper adopt the wide-beam elements (WBEs). Besides, phased arrays in [19] and [20] , and this paper have aperiodic array layouts, and that in [27] is a periodic design. It can be seen that the proposed design possesses a wider scanning range than that in [19] and its scanning range is a little narrower than those in [20] and [27] . However, the proposed design has the highest realized gain and lowest PSL.
At last, it should be noted that, an HMSIW slot antenna does have the potential to exhibit the band-enhanced and dual-band performance [27] , [28] . However, the proposed wide-angle scanning phased array based on the narrow-band HMSIW slot antenna can also be used as receivers in some practical applications.
V. CONCLUSION
In this communication, a sparse linear phased array with wide-angle scanning, high-gain, low-profile and low-SLL performance is designed and studied. Firstly, a HMSIW slot array element is designed. The antenna radiation property is investigated to show the wide HPBW. Then, the sparse array optimization procession including a semi-full-wave simulation-based synthesis method is presented. Besides, before the synthesis, a Poisson sum formula-based proof is proposed to reveal that the sidelobes should be bounded by the peak SLL at the furthest scan angle when the array beam is steered between broadside and the maximum scan angle. Next, the sparse wide-angle scanning phased array based on the HMSIW element is presented. The measured results indicate that the phased array supports a main beam coverage from −70 • to +70 • with the SLL lower than −15 dB all the time. At last, some comparisons between the designed array and two periodic arrays are given. It can be concluded that the sparse array layout is advantageous to realize the low-SLL performance in the wide-angle scanning range. 
